Hemocyanins are giant oxygen transport proteins of molluscs and arthropods, which display high cooperativity and complex pattern of conformations, generated by hierarchical allosteric interactions of their complex quaternary structure. A still unanswered question is the correlation between the functional properties of the postulated conformers and structural features that govern their oxygen binding, such as metal complex coordination. In this study we focus on the dodecameric hemocyanin of the crustacean Carcinus aestuarii, with the aim to obtain a functional and structural characterization of the individual conformational states giving rise to cooperativity, by entrapping hemocyanin into a sol-gel matrix. The latter has attracted much attention as ideal substrate for immobilization of macromolecules within the pores of hydrated and optically transparent matrix that preserves the structures and functionalities of encapsulated macromolecules. In our experimental approach, the sol-gel is capable to block the conformational transitions of the hemocyanin induced by changing the oxygen concentration in solution studies.
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Introduction
An important aspect of functional control in biological macromolecules is the capacity to undergo structural changes in response to diverse environmental conditions. In allosteric proteins, the functional properties are modulated by allosteric effectors, which modify the binding equilibria with ligands/substrates and the interactions among different domains of the molecule 1 .
Hemoglobin has been the paradigm for the investigation of allostery and cooperativity in macromolecules. In accordance with the two-state Monod-Wyman-Changeaux (MWC) allosteric model 2 , X-ray structures of fully oxygenated and fully deoxygenated hemoglobin confirmed the presence of two distinct structures for the tetramers, identified as the structure of the high affinity (R-state) and low-affinity states (T-state) 3 . The model postulates a non-cooperative oxygen binding in the absence of conformational transitions. Coherently, oxygen-binding curves of pure T and R states crystals 4 exhibit non-cooperative oxygen binding. These results were also confirmed through the encapsulation of hemoglobin into a silica gel matrix, circumventing the major criticism of a non-cooperative binding due to crystal lattice constraints [5] [6] [7] .
Hemocyanins, which are giant oxygen transport proteins of molluscs and arthropods, often display high cooperativity and a complex pattern of conformations, generated by hierarchical allosteric interactions within their complex quaternary structure 8 . Due to the hierarchy of the quaternary structure, the oxygen binding equilibrium of hemocyanins can usually not be described simply by the MWC model but requires extensions such as the three-state model [9] [10] [11] or hierarchical constructs of the MWC model where "nested" oligomers are considered 12, 13 . An unanswered question is the correlation between the functional properties of the postulated conformers and structural features that govern their oxygen binding, such as metal complex coordination geometry and tertiary/quaternary structure.
The active site of hemocyanins is a binuclear center, where the molecular oxygen binds in a µη 2 :η 2 conformation as a peroxo bridge between the two copper ions. The quaternary structure is species-dependent, is only weakly related to the magnitude of cooperativity, as evaluated by the value of the Hill-coefficient n H , and is not related to the mean oxygen binding affinity (p 50 ).
Detailed structural information on the active site of hemocyanin became first available with the publication of the X-ray crystal structure of hexameric hemocyanin from Panulirus interruptus and Limulus polyphemus hemocyanins [14] [15] [16] . Six histidines coordinate two copper ions (Nε-Cu). In the deoxygenated state, the binuclear site contains Cu(I) and it is devoid of spectroscopic features above 300 nm. The oxygenated form presents a binuclear Cu(II)-O 2 2--Cu(II) complex exhibiting characteristic charge transfer bands πσ*→Cu(II) and πv*→Cu(II) with λ max ~345 nm (ε~20,000 M -1 cm -1 ) [17] [18] [19] . The absorbance at this wavelength is linearly related to the fraction of oxygenated hemocyanin. The coordination geometry of the active site was deduced from the features in the Xray absorption near edge structure region (XANES) at the Cu K-edge of X-ray absorption spectrum (XAS). In particular, the intensity of the transition at 8983 eV has been qualitatively correlated to the displacement of copper from the equatorial plane defined by nitrogen ligands of the histidines 20, 21, 17 . A pH-dependent change in the geometry of the active site for the deoxygenated hemocyanin was demonstrated using this technique, suggesting a structural basis for the Bohr effect 22 . Conversely, L-lactate affects oxygen affinity by modulating the quaternary structure of hemocyanin, without modifications of the coordination geometry of the active site 23 .
In this work we focus on the hemocyanin of the crustacean Carcinus aestuarii, a typical example of 2x6 oligomeric crustacean hemocyanin 24, 25 . The aim is the functional and structural characterization of the individual conformational states giving rise to cooperativity by entrapping hemocyanin into a sol-gel matrix. In the last years, sol-gel material has attracted much attention as ideal substrate for immobilization of different biological materials such as organic molecules, proteins and cells, within the pores of an inert, hydrated and optically transparent matrix that preserves structures and functionalities of encapsulated specimens [26] [27] [28] [29] [30] . Because of the porous nature of the sol-gel network (diameter pores of ~2-100 Å), small ions or molecules can diffuse through the matrix to the site of entrapped proteins, producing a signal detectable by an appropriate sensing system. This feature is the key point for the development of biosensors based on sol-gel matrix.
The sol-gel technique represents a crucial tool for structural and functional characterization of allosteric proteins, through the ability of the matrix to strongly reduce conformational transitions.
Steric restraints and specific electrostatic interactions between the entrapped proteins and the silica walls are implicated in the reduction of the large-scale dynamics of the entrapped biomolecules 5, 6, 31 . Indeed, as reported for hemoglobin [32] [33] [34] , the silica matrix slows down or eliminates the tertiary and quaternary relaxation of the protein, without affecting the equilibrium properties of ligand and effector binding for a given state. The entrapment of different conformational states in a sol-gel matrix was previously described for the large 24-meric Eurypelma californicum hemocyanin 35 . Furthermore, it was utilized to develop a biocompatible oxygen sensor based on spectroscopic differences between oxygenated and deoxygenated hemocyanin 36 . Here we describe the oxygen binding properties of the matrix entrapped individual conformers of C. aestuarii hemocyanins and also spectroscopic features characteristic for these conformations.
Results
A central part of the study was the encapsulation of hemocyanin in a sol-gel made of tetramethyl orthosilicate. To this end, sample holders were designed to ensure the maintenance of the bulk water and the presence of a sufficiently large surface to guarantee fast exchange of the solutes (see Supplementary Information for details). To find the optimal buffer conditions for encapsulation of hemocyanin, the microstructure of the sol-gel matrix was analyzed at different pH-values (6.5, 7.5 and 7.8), in absence and presence of 25% glycerol, and at different times after the formation of the gel (2 and 6 days). The optimal gel should have high optical quality, in consideration of its use for spectroscopic analysis, and pores with dimension close to the size of the hemocyanin dodecamer. The optical properties of the sol-gel were improved in the presence of glycerol but did not depend on pH, presence of L-lactate or aging time (see Supplementary Information for details). Thus, the same protocol for encapsulation of hemocyanin was applied in all cases, employing inclusion of glycerol and aging time of 2 days. Once embedded into the sol-gel matrix no release of dodecameric hemocyanin into the bulk solution was observed within the time span of the oxygen binding experiments (hours).
Oxygen binding properties of Carcinus aestuarii hemocyanin in solution and embedded in silica gel, the effect of pH and L-lactate
Oxygen binding curves were determined for three types of samples (solution, DeoxyEM, OxyEM), under five different conditions. The conformers obtained by encapsulation of hemocyanin in absence and presence of 750-760 Torr oxygen are referred to as Deoxy EM and Oxy EM , respectively. Entrapped conformers studied at maximal oxygen partial pressure (750-760
Torr) are denoted Deoxy EM 760 and Oxy EM 760 ) and those investigated in absence of oxygen are denoted Deoxy EM 0 and Oxy EM 0 . In all but one (Deoxy EM 760 at pH 6.5) the presence of 750 Torr oxygen leads to full oxygenation. Hemocyanin was entrapped at the same pH as intended for the oxygen binding experiments. Data are shown in the Hill-plot representation to allow visual inspection of cooperativity (slope around p50) and the initial and final slopes to reveal the consequence of entrapment of hemocyanin ( Fig. 1 A- 
E).
As previously reported 24 , binding curves of hemocyanin in solution from C. aestuarii show a typical Bohr-effect, leading to a decrease in p50 upon increasing the pH (Tab. 1). Also, we find a pronounced L-lactate effect (Δlog(p50/Torr)/Δlog([L-lactate]/mM) = -0.31 and -0.39 at pH 6.5 and pH 7.8 in solution, respectively). Cooperativity as quantified by the Hill coefficient at halfsaturation is slightly affected by pH and L-lactate, but no unique trend could be identified (Tab. 1).
In an ideal scenario, the oxygen binding behavior of trapped states (Oxy EM and Deoxy EM ) reflects the properties of the conformation(s) existing under the embedding conditions in solution.
Then, the binding curves should exhibit either no cooperativity (if only one conformation is trapped) or negative cooperativity, if two or more conformers are present in a fixed relative amount. The latter situation is likely to arise in case of C. aestuarii hemocyanin, since it has been shown that four conformations are required to describe the cooperative and allosteric behavior of this hemocyanin 24 , thus a mixture of two conformations at fully oxygenated or fully deoxygenated conditions is likely to occur.
Under all five conditions (pH, ± L-lactate), encapsulation under deoxygenated conditions led to increased values for p 50 , whereas encapsulation under oxygenated conditions led to a decrease in p 50 . Furthermore, the Hill-coefficient decreased upon encapsulation. Thus, low-affinity and highaffinity conformations were selectively stabilized. One would further expect that common slopes for solution and Deoxy EM at 0 Torr exist, and also for solution and Oxy EM at 760 Torr. To check this, lines with slope=1 were added to the Hill-plots and by this a first estimation of the corresponding affinities was obtained ( Fig. 1 , Tab. 1). The simplest possible scenario was observed for the oxygen binding curves of the hemocyanin trapped at pH 6.5. Both Deoxy EM and Oxy EM display non-cooperative oxygen binding behavior with n 50 values close to 1. Common slopes for deoxygenated protein in solution and Deoxy EM seem to exist, and also for the oxygenated form in solution and Oxy EM ( Fig. 1 A, Tab.1).These results suggest that the entrapment of hemocyanin in two different conformational states (Oxy EM and Deoxy EM ) yields mainly the corresponding high-and low-oxygen affinity conformers. The low affinity conformer, which is represented by Deoxy EM , cannot be fully saturated even at 760 Torr. In this case, the absorbance at saturation was estimated by fitting the available experimental data with a hyperbolic function. Also in presence of L-lactate, the conformation of the form entrapped in the oxy-form (Oxy EM ) seems to correspond to the conformer found in solution under oxygenated conditions ( Fig. 1 B, Hemocyanin entrapped at pH 7.5 ( Fig. 1 C, Finally, at pH 7.8 under both entrapping conditions cooperativity is not completely hindered.
However, the affinity of hemocyanin in solution and Deoxy EM at low oxygen concentration is similar and lower than the one of Oxy EM . At high oxygen concentrations again hemocyanin in solution data seem to have the highest affinity, followed by Oxy EM and then Deoxy EM . Embedding hemocyanin in the presence of 40 mM L-lactate increases the trapping effect of the sol-gel at pH 7.8 ( Fig. 1 E, Table 1 ). The Hill-coefficients indicate a mixture of conformations. However, the values for the Hill-coefficients are in this case only rough estimates, since they rely on data points covering only the upper part of the saturation curve.
Model based analysis of oxygen binding data
Taken together, the Hill-plots indicate that the highest affinity achievable for the investigated hemocyanin is about K R =0.6 Torr -1 (intercept = -0.2), whereas the lowest one is about K T =0.002
Torr -1 (intercept = -2.2). The intercepts between these limiting values could be either distinct conformations or a superposition of the R-and the T-state.
To determine the minimal number of conformations necessary to describe the functional data To get information about the conformational distribution, each binding curve was then analyzed individually with the binding constants set constant to the values given in Tab.S6. For binding curves with positive cooperativity (n 50 >1), the allosteric equilibrium constants for each condition were fitted to the data (Tab. S7). For cases with none or negative cooperativity the fraction of molecules in each conformation was fitted to the data based on a sum of hyperbolic functions (Eq. 6, Tab. S8). For comparison of these fixed conformational distributions with the initial and final states in solution, the fraction of molecules in each conformation was calculated for the latter for 0 Torr and 760 Torr (Tab. S8). For pH 6.5  L-lactate and pH 7.8 + L-lactate the agreement is reasonable. For pH 7.5 and 7.8, where the embedded protein still undergoes conformational transition, the calculated distributions agree in absence of oxygen, and seem to differ in presence of oxygen.
Overall, the pattern found in the calculated conformational distributions mirrors the one found by comparing the slopes in the Hill-plot, as expected, but revealed that four conformations exists.
Structural characterization of hemocyanin conformers: spectroscopic studies
Spectroscopic analysis was carried out on the high-affinity (Oxy EM ) and low-affinity (Deoxy EM ) conformers and compared with the protein in solution to define the structural features that govern the functional properties of the different conformers. The choice was made to work at pH 7.8, a value close to the physiological one.
In Fig. 2 the near-UV/visible CD spectra of hemocyanin in the presence of oxygen (2 A) and in absence of oxygen (2 B) are presented. Oxygenated hemocyanin CD is dominated by a band with negative ellipticity centered at 338 nm that corresponds to the peroxide-to-Cu(II) ligand-to-metal charge-transfer transition and is very similar for Deoxy EM 760 , Oxy EM 760 and the protein in solution 37 , indicating that the ellipticity of the peroxide complex of oxygenated hemocyanin is the same for both the protein in solution and in sol-gel. In contrast, the CD spectral shape in the aromatic region reveals differences between the protein embedded in sol-gel and in solution. In particular, although the spectra of Oxy EM 760 and oxy-hemocyanin in solution are almost indistinguishable, Deoxy EM 760 shows significantly higher negative ellipticity in the 260-280 nm range where tyrosine residues contribute to the spectrum 37 . The deoxygenated hemocyanin CD spectra ( Fig. 2 B) lack, as expected, the negative band at 345 nm due to the removal of peroxide, yet the residual negative ellipticity at this wavelength indicates that the sample still contains ~10% of oxygenated hemocyanin under the conditions of CD measurements. Thus, no safe conclusion can be drawn from the spectral features in the near-UV due to the interference of residual the 345 nm band that has a variable different intensity in the various preparations.
Fluorescence emission spectra of deoxygenated hemocyanin in solution or gel-entrapped are presented in Fig. 2 C. The corresponding spectra of oxygenated hemocyanin were not compared since the fluorescence emission of this form is strongly quenched by resonance energy transfer to the copper peroxide complex in the active site 38 . Upon excitation at 278 nm, where both tyrosine and tryptophan residues can be excited, the shape of the spectra shows some distinct differences. Although deoxygenated hemocyanin in solution and Deoxy EM 0 have a maximum emission near 340 nm, in case of Oxy EM 0 a shift of the maximum peak of emission to 320 nm is observed. This shift in the maximum emission can be attributed to different contribution of Tyr and Trp residues to the overall fluorescence emitted by the protein in the two cases 39 .
Accordingly, the emission spectra obtained upon excitation at 294 nm (where tryptophan residues contribute almost exclusively) do not show any difference in the various hemocyanin forms.
To determine if the changes of the oxygen affinity are due to different coordination geometries of the active site, X-ray absorption spectra for hemocyanin embedded in sol-gel were collected in presence and absence of oxygen. Coordination geometry of copper in the active site of hemocyanin in solution were already evaluated by XAS 22 , showing distinct signatures in the X-ray absorption spectra of the oxygenated and the deoxygenated form. XAS measurements of hemocyanin embedded into the sol-gel matrix display the typical line shape described for hemocyanin in solution. In particular the difference spectra between deoxy-and oxy-hemocyanin evidence two main absorbance peaks at ~ 8982 eV and ~ 8985 eV, which have been assigned to the 1s  4p z and 1s  (s+p)* transitions, respectively 20, 21 . The spectra of Oxy EM or Deoxy EM recorded in presence of oxygen do not show significant differences in the XANES region (Fig. 3A) .
In contrast, in the deoxygenated state the spectra of the Deoxy EM and Oxy EM conformers ( Fig. 3B) are characterized by different intensities of the transitions 1s  4p z and 1s  (s+p)*, which can be correlated to the displacement of Cu(I) from the plane defined by the three histidines. The lower intensity of the 8982 eV band of Deoxy EM 0 suggests a greater degree of distortion toward pseudotetrahedral geometry than the active site of Oxy EM 0 .
Structural characterization of hemocyanin conformers: Small Angle Scattering studies
Details on SAXS data on sol-gel samples in the absence of proteins and under different conditions (pH, glycerol content and aging time) are given in Supplementary Information together with the best fitting parameters obtained with the Teixeira model (Table S1 ). Among the fitting parameters, the most relevant one is the correlation distance ξ, that accounts for the average pores' dimension. According to this parameter, under the conditions employed for measuring the oxygen affinities of the different states of hemocyanin in the sol-gel (pH=7.8, 25% glycerol and 2 days of aging time) the pore size in the case of empty sol-gel is ≈328 Å. 
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SANS measurements were carried out at pH 7.8 to characterize the structure of the Oxy EM and Deoxy EM conformers, both in the oxygenated and deoxygenated state, under the same conditions used to derive their oxygen affinities. SANS is particularly suitable to this aim because, using the contrast variation technique, the sol-gel can be made invisible by adjusting the content of D 2 O in the solution 40 . SANS data of the sol-gel matrices without hemocyanin recorded as a function of the deuteration degree x D reveal a matching point between bulk solvent and sol-gel at x D =0.720±0.001, a value quite similar to the one calculated on the basis of the chemical composition of the matrix (see Supplementary Information for further details). Hence, SANS data of hemocyanins embedded in the sol-gel at x D =0.720 were recorded and analyzed to unravel the quaternary structure of the C. aestuarii hemocyanin in the sol-gel. Table 2 , whereas the structure of the unique dodecamer is shown in These results demonstrate that the protein in the sol-gel maintains its aggregation state and that the different oxygen binding properties induced by allosteric effects do derive from the presence of different conformers. Table 2 : QUAFIT fitting parameters. Top frame refer to the single curve parameters: the scaling factor  and the flat background B. Bottom frame report the common parameters: the three Euler angles ,  and  that define the relative orientation of the two hexamers within the dodecamer; the distance d between the centers of the two hexamers; the relative mass density d w of the hydration water.
Discussion
Most biological processes, like metabolism, catalysis, signal transduction and gene regulation are governed by cooperative and allosteric mechanisms 41 . In oxygen transport proteins these mechanisms lead to adjustment of the oxygen affinity to environmental and physiological oxygen concentration and additionally regulation by binding of heterotropic allosteric effectors. This type of regulation requires the presence of at least two different conformations. The description of cooperative oxygen binding may involve even more than two conformational states, which are typically induced by interactions between subunits at the tertiary and quaternary structure level 42, 43 . Due to the scarce crystallographic information available, our understanding of the molecular basis of cooperative interactions in the case of the high molecular weight oxygen carriers like hemocyanins is still very limited.
In this scenario, we focused on hemocyanin of the crustacean C. aestuarii, in which the existence of strongly hierarchical levels of interactions, within and between hexameric allosteric units, has been reported 24 . Entrapment in a sol-gel matrix was used here to stabilize individual protein conformations, with the aim to define the structural features of the different conformations and their relation to their particular oxygen affinity. 
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The oxygen binding process of hemocyanins has been generally described by an extension of the classical MWC model that considers the existence of two levels of hierarchical allosteric interactions between R and T states for high molecular weight oligomers (dodecamers or more) as well as between r and t states within the hexameric building blocks 11, 12 . For C. aestuarii hemocyanin four different hierarchical conformations were previously identified 24 and this finding is supported by the present study. The agreement between the two sets of data is reasonably good in three cases (K tT =0.003 and 0.006 Torr -1 , K tR =(0.02-0.036) and 0.016 Torr -1 , K rT = 0.88 Torr -1 and 1.00 Torr -1 . Only in case of the medium affinity the difference is larger (K rR = 0.081-0.18 in the present study, and 0.7 in the previous one). Also the p 50 -values tend to be lower in the present study than in the earlier one and the extent of the Bohr-effect is somewhat reduced (log p 50 /pH -0.55 and -0.68). Overall, the discrepancy is within the variability expected for this kind of biological samples.
Hemocyanin from C. aesturarii displays a significant L-lactate effect ((log(p 50 /Torr)/log([Llactate]/mM) = -0.31 and -0.39 at pH 6.5 and pH 7.8, respectively). The range observed in crustean hemocyanin is between zero and -0.56 44 . Analysis of the oxygen binding curves in absence and presence of L-lactate allowed determining the changes in conformational distribution at different pH due to addition of L-lactate. The interaction of L-lactate with this hemocyanin in the oxygenated state was investigated directly based on isothermal titration calorimetry (ITC) before 22 . The ITC data indicated that binding characteristics are different at pH 6.5 and pH 8.3. This observation is not surprising in light of our data: at pH 6.5 addition of L-lactate leads to a conformational transition from tR to rR. Thus, the reaction heats measured during titration of Llactate are partially caused by conformational transitions. In contrast, at pH 7.8 (and even more so at pH 8.3 due to the Bohr-effect) under oxygenated conditions hemocyanin is present mainly in conformation rT, and addition of L-lactate shifts the distribution further into this direction. It has been shown before that concomitantly occurring conformational changes can alter the apparent stoichiometry of binding in an ITC experiment 45 , which could be the reason for the better fit of a model with two different binding sites in case of pH 6.5 22 . Based on the same considerations the results of flash-photolysis experiments at pH 6.5 and pH 7.8 22 can be rationalized: at pH 6.5 the rate of oxygen-rebinding increases from 70 s -1 to about 82 s -1 upon addition of L-lactate, reflecting a transition from mainly tR to rR. In contrast, at pH 7.8 only a minor increase from 82 s -1 to 85 s -1 was observed.
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Entrapment of hemocyanin in sol-gel altered the conformational distributions but not the quaternary structure, namely the molecular dimensions and spatial arrangement as shown by SANS. We could also show that the encapsulation of hemocyanin preserves the active site structure of the protein by XAS. Furthermore, XAS spectra in absence and presence of oxygen show similar differences as reported before for hemocyanin in solution 22 .
The pores of empty sol-gel (at pH 7.8, 25% glycerol and 2 days aging the diameter of pores ≈ 328 Å, Table S1 ) have dimensions comparable with the size of hemocyanin dodecamer (maximum dimension about 225 Å 25 ), suggesting that the shape of the porous cavities are suited to entrap a single protein molecule. This dimension, however, changes as a function of pH and sol-gel aging time. As reported in Table S1 , the dimensions at pH 7.5 and 6.5 (≈ 70 and 98 Å) are smaller than the size of hemocyanin, suggesting that during the gelling process in the presence of hemocyanin the pore cavities are influenced by the presence of the protein, a case similar to that described by Luo et al. 40 for Green Fluorescent Protein. Therefore, the presence of large cavities that may contain more than one protein molecule and/or large amounts solvent molecules is unlikely. On these premises, it can be expected that the sol-gel is capable to block the conformational transitions of the hemocyanin induced by changing the oxygen concentration, and by this enable to characterize particular conformers, both under oxygenated and deoxygenated conditions. With these premises, the characterization of embedded hemocyanin was carried out on samples Electrostatic interactions between the embedded protein and the sol-gel matrix were described as pivotal for blocking a given protein conformation 5, 31 . The role of net-charge with respect to the entrapment properties of a sol-gel matrix was also previously reported 46 Possibly, if the protein can change rapidly between two conformations during the gelling-process (as at pH 7.5 and pH 7.8 in absence of L-lactate), the pores fit less well to the protein than in a situation, where most molecules are in the same conformation, and thus the transition probability for each molecule is much smaller (as at pH 7.8 in presence of L-lactate), allowing a more adapted shape of the pore.
Several authors showed that the interactions of the matrix with embedded organic chromophores, such as tetrapyrrolic macrocycles, may affect their spectroscopic properties [47] [48] [49] [50] [51] [52] . In the case of hemocyanin, however, two points should be taken into consideration: i-the active site is located in a hydrophobic cavity deeply buried in the protein [14] [15] [16] ; ii-changes in oxygen affinity are dictated by changes in the copper-copper and copper-ligands distances of the copperimidazole complex [17] [18] [19] [20] [21] [22] [23] . Thus, the interactions of the protein with the pore walls are likely restricted to its surface without direct effect on the active site structure and the different binding is always present to at least 40%. In total, a common conformational distribution for solution data and Deoxy EM in absence of oxygen is supported. In case of Oxy EM the range of distributions being in agreement with SS²<2*SS² min is rather broad. We selected a region which complies with the prediction of the structural information as summarized in Fig. S9 , identified the critical parameter (=-9.156) and re-analyzed the binding curve with this constraint. The resulting parameters delivered a fit with SS²=1.5 SS² min and 75% rT at 760 Torr, 92% tR at 0 Torr, which is in nice agreement with the solution data. Thus, overall a consistent picture of the conformations under different conditions could be generated by combining all available data, as summarized in Fig. 6 .
In this frame, the differences in the active site geometry as observed by XAS can now be attributed to particular conformations. Oxygenated conformation rT and rR have very similar spectra, although deoxygenated tT and tR differ, with deoxy-tR displaying a higher intensity at 8982 eV. The intensity of the band at this energy is correlated with the extent of displacement of the Cu(I) from the plane defined by the three ligand histidines 20, 21 . A greater degree of distortion toward pseudo-tetrahedral geometry is reflected by a lower intensity, suggesting that deoxy-tR exhibits a more trigonal planar geometry at the active site. This would mean that a more trigonal geometry leads to higher affinity (K tR = 0.0210.002 Torr -1 , Tab. S6) than a conformation with larger distortion as found for tT. To model the active site geometry of the different conformers, suitable information can be obtained by X-ray crystallography studies. Trigonal coordination geometry characteristic of deoxy-tR conformer (Fig. 7, left panel) can be represented by the X-ray crystal structure of the deoxy-form of Limulus polyphaemus subunit II. In this complex, the Nε imidazole nitrogens of three histidines are located at a distance of 1.9-2.2 Å from the copper and define a plane from which the copper is displaced by 0.3 Å (pdb: 1LLA, 15, 16 ). Moreover, a strong similarity exits between the k-edge spectrum of Cu(I) in reduced SOD 22 and that of the high affinity form of deoxy-hemocyanin in terms of the relative intensity of the 1s-4p z band compared with the edge jump. The x-ray crystal structure of reduced SOD (pdb: 1dsw) shows a trigonal coordination geometry for Cu(I), with three nearly equal Cu-N bond lengths and angles of 120° between these bonds.
The pseudo-tetrahedral geometry of the deoxy-tT conformer active site can be supported by the X-ray crystal structure of Panulirus interruptus deoxyHc at pH 4.8 (pdb: 1HCY, 14 . In this structure, two Nε atoms of imidazole ligands and one copper atom lie nearly in plane, with Cu-N bond lengths of 1.9 Å. A third histidine Nε is located perpendicular to this plane at 2.7 Å (Fig. 7 right panel).
SANS data unambiguously show a dodecameric organization of C. aestuarii hemocyanin. The SANS-data obtained under different conditions did not reveal significant differences, but yielded a unique dodecameric structure. The average interhexameric distance of 100 Å, calculated as distance between the centers of the two hexamers, well compares with the value of 106 Å determined by SAXS on C. aestuarii hemocyanin in solution 25 . However, due to the low resolution of SANS measurements this can not exclude slight differences in the orientation or difference of the two hexamers within the dodecamer. The differences in aromatic CD under oxygenated conditions indicate a different local environment of tyrosines if conformations rR and rT are compared. The fluorescence data indicate differences in the aromatic residues also for conformation tR and tT. However, the details of the alterations in the environment of aromatic residues can only be clarified based on crystallographic structures, which are not yet available with sufficient resolution for hemocyanins larger than a hexamer.
In conclusion, in this study we identified for the first time differences in the local environment of aromatic residues due to different conformations and conformation-dependent active site geometry. Information about active site geometry by XAS and spectroscopy of aromatic side chains (CD, fluorescence) revealed differences in these properties for particular conditions. In all cases investigated except one (oxygenated, XAS) hemocyanin structure differs if sample entrapped under deoxygenated and oxygenated are compared. Analysis of oxygen binding data based on the Nested-MWC-model resulted in conformational distributions for the different situations, which were not for all situations completely unambiguous (see Supplemental information) but contained in each case a subset which is compatible with the structural information.
Experimental
Protein purification
Hemocyanins of Carcinus aestuarii was purified as previously described 53 and stored at -20°C in 50 mM Tris buffer pH 7.5 containing 20 mM CaCl 2 , 20% sucrose. Before preparation of the samples, hemocyanin was dialyzed overnight against 50 mM Tris buffer containing 20 mM CaCl 2 , glycerol 25% at the desired pH (6.5, 7.5, 7.8).
Hemocyanin encapsulation
Protein encapsulation in silica gels was carried out after a modified version of the protocol reported by Khan 29 . A solution containing 125 µL of tetramethyl orthosilicate (FLUKA SIGMA-ALDRICH, St. Louis, MO, 99% pure) and 125 µL of Tris 50 mM, CaCl 2 20 mM, 25% glycerol (v/v) at the desired pH (6.5 or 7.8) was gently stirred on a vortexer for 30 seconds, then 70 µL of hemocyanin at the desired concentration were added. After the gelification of a thin layer (~2 mm) of sol-gel into a properly designed Teflon holder (see the Supplementary Information), the sample was covered with buffer and aged at 4°C overnight. Samples were repeatedly rinsed with buffer before use. This step is required to remove the unreacted material and to equilibrate the 
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sample with desired media as in the case of SANS measurements. The overall time between starting the gelification and an experimental session was consistently 48 hrs in order to normalize possible time dependent changes of sol-gel structure, as pointed out in previous work 54, 55 (see Supplementary Information, Tab. S1, Fig. S2, Fig. S3 ). Moreover, the time required for SANS/spectroscopic/functional characterization is negligible in comparison with the 48 h pre-aging time.
Deoxygenated samples were prepared under a pure nitrogen atmosphere in a glove-box. The UV-visible absorption spectrum was taken before and after each measurement and found to be 
Spectroscopic measurements
All spectroscopic measurements were carried out at 20°C by inserting the samples in the Teflon holder into a quartz-cell filled with buffer Tris 50 mM, CaCl 2 20 mM, 25% glycerol (v/v) at the desired pH and covered with a gas tight membrane. Absorption spectra of the samples were recorded with a HP 8452A diode-array spectrophotometer (HEWLETT PACKARD, Mississauga, Canada). Protein concentration was determined based on an absorption coefficient at 278 nm of E 278 0.1% = 1.24 g -1 L cm -1 44 . The absorbance ratio A 338 /A 280, corrected for the background, for hemocyanin fully saturated with oxygen was 0.21 both in the sol-gel matrix and in solution 24 .
Circular dichroism spectra (CD) were recorded with a JASCO J-710 dichrograph (JASCO International Co, Tokyo, Japan). Samples were prepared at 0.4 g L -1 hemocyanin concentration for protein in solution (optical path length 10 mm) and 2 g L -1 for sol-gel measurements (optical pathlength 2 mm). Each spectrum was obtained by the average of 10 scans to minimize the signalto-noise ratio and was converted to units of molar ellipticity after subtracting the spectrum of the empty sol-gel matrix in buffer solution. No further smoothing was applied to the data.
Fluorescence spectra were recorded with a Perkin Elmer LS 50B spectrofluorimeter (PERKIN ELMER, Norwalk, CT) equipped with a thermostatic cell holder, excited at 278 or 295 nm.
Background intensities of empty sol-gel matrix in buffer were always subtracted from the samples.
All spectra were normalized to the value at the emission maximum. Cu K-edge X-ray absorption spectra of hemocyanin embedded into sol-gels were collected on beamline BM29 (now BM23) at to avoid dehydration and filled with the buffer at pH 7.8. X-ray edge spectra were corrected for the pre-and post-edge regions of the spectrum. Spectra were recorded for the oxygenated forms of the different encapsulated conformers (Deoxy EM 760 , Oxy EM 760 ) by equilibrating the bulk solution containing the protein-doped sol-gel with air. At this pH, the oxygen affinity of encapsulated protein is high enough to saturate the protein to more than 90% at the oxygen partial pressure of air. The deoxygenated forms of the conformers (Deoxy EM 0 , Oxy EM 0 ) were obtained by chemical consumption of dissolved oxygen by 10 mM sodium dithionite (SIGMA-ALDRICH).
Oxygen binding measurements
Oxygen binding curves of C. aestuarii hemocyanin (2 g L -1 ) were obtained at 20°C employing a gas-mixing system (Model P-gas proportioner, AALBORD, Orangeburg, NY) and a spectrophotometer to collect the absorption spectra. The gas mixer was connected to the quartz cell through impermeable tubes and needles. By changing the relative fluxes of oxygen (analytical quality) and nitrogen (analytical quality), a specific oxygen partial pressure was adjusted and was transferred into the cell (+/-5% of full scale accuracy). The degree of oxygenation of hemocyanin was followed via the change in A 338 corrected for the light scattering contribution quantified at 600 nm. After each incremental step in oxygen concentration, the gas flow was kept constant until the A 338 has become constant, indicating equilibration of embedded hemocyanin with bulk oxygen through the sol-gel matrix. The relative saturation Y at a given oxygen partial pressure x (in Torr),
Page 20 of 37 RSC Advances
RSC Advances Accepted Manuscript
Y(x), was calculated from the absorbance at 338 nm (A(x)) in relation to the absorbance in absence of oxygen (A o ) and under saturating conditions (A s ) as follows:
To obtain a measure for cooperativity (n 50 ) and the oxygen partial pressure necessary to yield half-saturation (p 50 ), oxygen binding data were plotted according to the Hill equation
where x represents the oxygen partial pressure (in Torr) and n H is the Hill coefficient. The slope at Y Y  1 log =0 (where x=p 50 ) corresponds to n 50 , the Hill-coefficient at p 50 . The affinity for binding of the first and the last oxygen molecules was estimated from the asymptotes of the Hill plots. Here, the propagation of the experimental error introduces some uncertainty, thus these numbers were used only for a first estimation.
For a more detailed analysis, the binding data were analyzed in terms of the binding polynomials based on different models. Since the asymptotes in the Hill-plots suggested the existence of at least three different conformations, data were analyzed based on linear extensions of the two-state model 56 . Here, an allosteric unit of size n exists, which can adopt three or four different conformations (T, S and R or W,T,S and R) with different oxygen binding affinities, yielding the following binding polynomial (Eq. 3): In the data analysis the binding constants K αβ and allosteric equilibrium constants l T , l R and  were fitted to the data. We chose  rather than L as independent parameter, since this parameter directly reflects the ratio of rT/rR molecules, whereas L reflects (tT + rT)/(tR + rR), and thus  is easier to interpret. The function describing the saturation degree ( x ) is obtained from the binding polynomial P by the following operation: x
The value of a was kept between -0.03 and +0.03, and that of b between 0.97 and 1.03 by appropriate constraints. For those data that did not show any positive cooperativity, a function describing a superposition of four hyperbolic binding curves was fitted to the data (Eq.6)
x K 
with a tT , a rT , a tR , a rR denoting the fraction of molecules in the corresponding conformation. The sum of all four was restricted to the range 0.97≤ (a tT + a rT + a tR + a rR ) ≤1.03 in the fitting routine.
Data analysis was performed bases on the Levenberg-Marquardt-routine built into to SigmaPlot 11 (SYSTAT SOFTWARE INC., San Jose, CA).
Small-Angle X-ray (SAXS) and Neutron (SANS) Scattering
SAXS measurements of the sol-gel matrices without hemocyanin were performed at the ELETTRA Synchrotron Radiation facility (SAXS beamline, Trieste, Italy), in the Q-range from 0.019 to 0.46 Å -1 . Further details on SAXS experiments are given in Supplementary Information. The curves were analyzed with the structure factor for fractal objects developed by Teixeira 58 by means of the GENFIT software 59 . Parameters of the model are the fractal dimension D, the characteristic radius r 0 of the silica repeat unit and the cutoff parameter ξ, which estimates the average dimension of the pores.
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SANS curves of hemocyanins entrapped in sol-gel were collected at the ILL neutron source (D22 instrument, Grenoble, France) in the Q-range 0.012-0.2 Å -1 . In this experiment, all samples were prepared at the value of deuteration degree (x D ) corresponding to the matching point previously determined (see Supplementary Information). In these conditions, the SANS curves mainly contain information on the protein form factor P(Q). The neutron scattering curves of entrapped hemocyanins were analyzed by the QUAFIT method 60, 61 , to find the optimum configuration of the dodecamer. Center coordinates and overall orientations of the single subunits forming the hexamer were fixed to the values found by previous SAXS measurements 23 . The main QUAFIT fitting parameters of the protein form factor are: the Euler rotational angles  and  that define the orientation of one hexamer with respect to the other one; the distance d between the centers of the two hexamers; the relative mass density d w of hydration water. Moreover a scaling factor  and a constant background B (which takes into account incoherent scattering effects) were optimized to fit the form factor provided by QUAFIT to the experimental SANS curves 62, 63 , according to eq. 7:
where c is the w/v protein concentration, N A Avogadro's number and M the dodecamer molecular weight. Colors refer to: Deoxy EM 0 (red); Deoxy EM 760 (gray); Oxy EM 0 (black); Oxy EM 760 (green). Solid blue line is the best fit obtained with QUAFIT. 
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the first row. Of the full scheme, only four conformations (deoxy tT and tR and oxy rR and rT) could be stabilized and thus amenable for spectroscopic analysis (black shapes). Active site spectroscopy employing XAS indicate that the two deoxygenated states are less planar than the two oxygenated ones, with tR representing the most planar state. Conformational differences of the oxygenated states were revealed by CD-spectroscopy, indicating a less asymmetric environment of the aromatic residues in the conformation rR. The two deoxygenated state also seem to be different in the local environment of the tryptophans, as revealed by fluorescence spectroscopy. 
